Abstract. Improving pregnancy rates associated with the use of cryopreserved human oocytes would be an important advance in human assisted reproductive technology (ART). Vitrification allows glasslike solidification of a solution without ice crystal formation in the living cells. We have attempted to improve the survival rates of oocytes by a vitrification technique using bovine models. In vitro matured oocytes with or without cumulus cells were vitrified with either 15.0% (v/v) ethylene glycol (EG) + 15% (v/v) dimethylsulfoxide (DMSO) + 0.5 M sucrose or 15% (v/v) EG + 15% (v/v) 1,2-propanediol (PROH) + 0.5 M sucrose, using 'Cryotop' or 'thin plastic sticker', respectively. The oocyte survival rates after vitrifying-warming, and the capacity for fertilization and embryonic development were examined in vitro. The rate of embryonic development to blastocyst was significantly higher (P<0.05) in the oocytes vitrified with 15% (v/v) EG + 15% (v/v) PROH + 0.5 M sucrose than in the oocytes vitrified with 15% (v/v) EG + 15% (v/v) DMSO + 0.5 M sucrose (7.4% ± 4.1 vs. 1.7% ± 3.0, respectively). Oocytes vitrified without cumulus cells had a higher survival rate after thawing and a superior embryonic developmental capacity compared with oocytes vitrified with cumulus cells. Prolonged pre-incubation time after thawing adversely affected the rates of embryonic cleavage and development. These results indicate that in vitro matured bovine oocytes can be vitrified successfully with the mixture of the cryoprotectants, EG + PROH, the absence of cumulus cells for vitrification does not affect oocyte survival rate after warming, and vitrified and warmed oocytes do not require pre-incubation before in vitro fertilization.
ryopreservation of human oocytes is a powerful tool in assisted reproductive technology (ART). It would be a useful treatment option for women who are at risk of losing their ovarian function because of pelvic diseases, surgery or radio/ chemotherapy and could also avoid some of the moral and ethical problems posed by embryo freezing. Although several pregnancies and live births following freezing and thawing of human oocytes have been reported [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , human oocyte freezing as a technology is still considered to be at an early developmental stage. Improving pregnancy rates associated with the use of cryopreserved human oocytes would be a major advance in human ART.
Although live young have been produced from cryopreserved oocytes in the mouse using a slow Accepted for publication: September 22, 2004 Correspondence: R-C.Chian (e-mail:ri-cheng.chian@muhc.mcgill.ca) freezing [14] , the method has met very limited success in other species [15, 16] including humans [1] [2] [3] [4] [5] [6] [7] [8] [9] . Mammalian oocytes have proven to be more difficult to cryopreserve than cleavage-stage embryos [17] , and the efficiency of oocyte cryopreservation in most species, except for the mouse, is still very low (for a review, see [18] ). An i m p o r t a n t p r o b l e m l i m i t i n g o o c y t e cryopreservation is the survival rate after freezingthawing. Porcu et al. [9] have reported a 54.1% survival rate of human oocytes after slow freezing (out of a sample size of 1,502 oocytes), but recently Fabbri et al. [19] have reported a 82% survival rate (183/224). Therefore, oocyte survival and pregnancy rates by slow freezing remain to be improved. Recently pregnancies and live births after cryopreservation of human oocytes using vitrification were reported [10, 11] , indicating that vitrification is a promising novel technique in ART [20] .
Vitrification is a process in which glasslike solidification of a solution occurs without the formation of ice crystal inside living cells within the solution during cooling and warming. Increasing the freezing speed can induce vitrification in embryos [21] . The freezing speed can be increased enough by plunging into liquid nitrogen directly, using an electron microscopy grid [11, [22] [23] [24] [25] [26] [27] , an open pulled straw (OPS) [10, 16] , a cryoloop [28] [29] [30] [31] , or a cryotop [32] . In addition, most vitrification protoco ls use very high co ncentrations of cryoprotectants that rapidly dehydrate the cells or embryos [33] . Therefore, it indicates that there is a strong correlation between concentration of cryoprotectant and cooling-warming rates during t h e v i t r i f i c a t i o n p r o c e s s .
A l t h o u g h dimethylsuphoxide (DMSO) was initially used as a cryoprotectant for human embryos [34] , there has been increasing tendency to use 1,2-propandiol (propylene glycol; PROH) instead since DMSO may cause spindle polymerization with increased risk for polyploidy [35] . Furthermore, ethylene g l y c o l ( E G ) h as b e e n u s e d w i d e l y f o r t h e vitrification of human oocytes [10, 25] and embryos [26, 27, 30, 31, [36] [37] [38] due to its low molecular weight, high permeation ability and low toxicity. Moreover, it has been reported that cryoprotectant mixtures may have some advantages over solutions containing only one permeable cryoprotectant [16] . Mukaida et al. [31] reported that 80.4% of blastocysts survived after vitrification using a mixture of 15% (v/v) of EG and DMSO. However, it remains unclear if the mixture of EG and DMSO could be replaced by a mixture of EG and PROH for oocyte vitrification.
Another issue that may affect oocyte survival rates after freezing-thawing is whether there are cumulus cells around the oocytes prior to freezing. Whittingham [14] found that survival rate of mouse oocytes after freezing-thawing is not different between oocytes with or without cumulus cells prior to freezing. Although beneficial effects of cumulus cells on oocyte survival after freezingthawing have been reported by some investigators [39] [40] [41] , a recent study suggested that there is no difference in post-thawing cryosurvival rates for human oocytes cryopreserved with or without cumulus cells when a slow freezing method is used [19] . Therefore, the effect of cumulus cells on oocyte cryosurvival following a slow freezing remains to be clarified. With regard to vitrification, t h e r e i s a p a u c i t y o f i n f o r m a t i o n o n t h e i n v o l v e m e n t o f c u m u l u s c e l l s i n o o c y t e cryosurvival following vitrification.
Incubation of frozen-thawed oocytes before insemination seems to allow recovery from the injury associated with the slow freezing procedure [42, 43] . Pre-incubation of post-thawed bovine oocytes improves the fertilizability and embryonic developmental capacity [44, 45] . It has been reported that frozen-thawed bovine oocytes need to be pre-incubated for 2 h before insemination in order to recover from abnormalities of the chromosome and meiotic spindle [41] . It is, however, unclear whether pre-incubation is necessary for vitrified oocytes before insemination.
In our laboratory, recently we have established serum-free system of bovine oocytes maturation in vitro and embryonic development in vitro. This allows us to use the system studying of oocyte vitrification in order to develop a technique apply for human ART in the near future, because our preliminary study indicated that bovine in vitro matured oocytes are more suitable model for human oocytes to develop new culture medium a n d f r e e z i n g m e t h o d t h a n m o u s e o o c y t e s (unpublished data).
The objectives of the present study, using a bovine model, were to determine the effect of (1) a mixture of EG and PROH as cryoprotectant, (2) existence of cumulus cells prior to vitrification, and (3) pre-incubation time of oocytes after thawing, on oocyte survival, fertilizability and subsequent early embryonic development, when oocytes were vitrified using Cryotop or a plastic sticker. All of the above was to optimize the survival rate for a subsequent clinical trial on the vitrification of human oocytes.
Materials and Methods

Collection of immature oocytes
Ovaries from heifers or cows were collected from a local abattoir. The ovaries were removed within 30 min of slaughter and transported to the laboratory at 35 C in 0.9% NaCl aqueous solution. Cumulus-oocyte complexes (COCs) were aspirated from all visible follicles with an 18 G needle, and pooled for maturation after selection.
In vitro maturation (IVM)
COCs were rapidly washed four times in HEPES buffered Tyrode's medium [46] supplemented with 0.3% polyvinyl-pyrrolidone (PVP; Sigma), 0.25 mM pyruvic acid (Sigma) and 50 µg/ml gentamycin (Sigma). After washing, 30-50 COCs were cultured in 1 ml in vitro maturation (IVM)-medium [47] , supplemented with 0.3% PVP, at 38.5 C under an atmosphere of 5% CO2 and 95% air with high humidity. After 24 h of maturation, COCs were used for vitrification. Before vitrification, some COCs were completely removed from cumulus cells by mechanically pipetting with a fine diameter pipette in TLH medium supplemented with 85 IU/ ml hyaluronidase.
Vitrification solutions
T h e s o l u t i o n u s e d a s a c a r r i e r f o r t h e cryoprotectants was Dulbecco's phosphate buffered saline (DPBS, without calcium chloride and magnesium chloride) supplemented with 1.0 mg/ml glucose (Sigma), 0.11 mg/ml sodium pyruvate (Sigma) 
Vitrification and warming
Oocytes with or without cumulus cells were suspended in ES at room temperature for 5 min. Following equilibration, the oocytes were transferred to VS at room temperature for 45-60 seconds. The oocytes were then either loaded on Cryotop (Kitazato Ltd., Tokyo, Japan; 2), and then immediately plunged into liquid nitrogen (LN2) for storage (at least for 1 week). For warming, Cryotop or the thin plastic sticker were directly inserted into TS (37 C) for one minute. The warmed oocytes were transferred to DS for 3 min, and then washed twice in WS for 5 min. Oocyte survival was evaluated on the basis of the integrity of the oocyte membrane and the zona pellucida after thawing 18-24 h of culture. The warming oocytes were subjected to in vitro fertilization (IVF) immediately. Some oocytes were completely denuded from cumulus cells by mechanically pipetting with fine diameter pipette before insemination.
In vitro fertilization (IVF)
Warmed bovine oocytes were inseminated with frozen-thawed semen pooled from five bulls donated by Centre d'Insemination Artificielle du Quebec (C.I.A.Q. Inc., St-Hyacinthe, Quebec). Straws of frozen semen were thawed in a water bath at 35 C for 30 seconds and processed by swimup as described Parrish et al. [48] . The sperm were then washed twice in modified Tyrode's albumin lactate medium (Sp-TALP), used for sperm culture, which contained 6 mg/ml fatty acid-free BSA (Sigma), 10 mM pyruvic acid, and 50 µg/ml gentamycin. Sperm/oocytes were incubated in 50 µl drops of the fertilization medium, modified Tyrode's medium (mTALP; [49] ), containing 2 µg/ ml heparin (Sigma), under mineral oil at 38.5 C in 5% CO 2 and 95% air with high humidity. A final sperm concentration of 1 × 10 6 sperm/ml was used for insemination and five oocytes were placed in each 50 µl drop as described by Chian et al. [50] .
Embryo culture
Following 18 h of insemination, 5-10 oocytes were transferred to 50 µl droplets of development medium (BECM: Bovine Embryo Culture Medium [51] ) supplemented with 3 mg/ml BSA (Sigma) and 1 µg/ml gentamycin under mineral oil. The culture medium was changed at 48 h intervals until 120 h after insemination, and then the embryos (5 to 10) were transferred to 50 µl droplets of BECM supplemented with 10% FBS and 0.25 mM pyruvic acid (Sigma) for further developmental culture until day 8 (192 h after insemination).
Experiment design Experiment 1: Effect of cryoprotectants:
Following maturation in culture, the oocytes were completely denuded from cumulus cells as described above. The denuded oocytes were randomly divided into two treatment groups for vitrification: (1) the oocytes were vitrified with 15% (v/v) EG + 15% (v/ v) PROH + 0.5 M sucrose; (2) the oocytes were Following vitrifying-warming, the warmed oocytes were inseminated immediately with frozen semen. The survival rates of oocytes were compared among groups 18-24 h after insemination. As control, fresh COCs after 24 h maturation in culture were denuded from cumulus cells and used for IVF as described above. The fertilized zygotes were further cultured to assess the developmental ability. 
Statistical analysis
Oocyte survival and embryo cleavage rates, as well as blastocyst formation rates, in each group were analyzed by one-way analyses of variance. When analyses revealed significance, the groups were compared using the Student-Newman-Keuls' test [52] .
Results
Experiment 1
As shown in Table 1 , the survival rates of bovine oocytes after warming were 97.6% ± 4.2 and 91.8% ± 6.7 when the oocytes were vitrified with 15% (v/ v) EG + 15% (v/v) PROH + 0.5 M sucrose or with 15.0% (v/v) EG + 15% (v/v) DMSO + 0.5 M sucrose, respectively. There were no differences compared to control (100.0% ± 0.0). Although the cleavage rates were not different between two treatment groups (69.8% ± 9.3 vs. 68.6% ± 5.8), they were significantly lower (P<0.05) compared to control (83.1% ± 11.8). The rates of embryo develop to the 8-cell stage was not different between the two treatment groups (44.8% ± 10.2 vs. 42.1% ± 14.4); however, there were significant differences when compared to control (54.2% ± 15.8). The rates of embryos developing to the blastocyst stage (7.4% ± 4.1 vs. 1.7% ± 3.0) and reaching the expanded or hatched blastocyst stage (3.2% ± 2.1 vs. 0.9% ± 1.5) were also significantly different (P<0.05) between t h e t w o t r e a t m e n t g r o u p s , b u t t h e y w e r e significantly lower than those of control (19.1% ± 4.1 and 13.5% ± 5.3, respectively).
Experiment 2
As shown in Table 2 , survival rates after thawing were significantly better (P<0.05) for bovine oocytes without cumulus cells (92.8% ± 5.2) as opposed to those with cumulus cells (84.0% ± 1.0) for vitrification using 15% (v/v) EG + 15% (v/v) PROH + 0.5 M sucrose. Although the cleavage rates were not different between these two treatment groups (67.1% ± 7.3 and. 69.6% ± 0.8, respectively), they were significantly lower (P<0.05) than control (77.6% ± 6.4). The rates of embryos that developed to the 8-cell stage were significantly higher (P<0.05) in the oocytes without cumulus cells (37.0 ± 6.0) compared to with cumulus cells (29.3% ± 3.2). However, the rates of embryos developing to the blastocyst stage (6.9 ± 1.2 vs. 7.7% ± 5.1) or reaching expanded or hatched blastocyst stage (2.9% ± 1.2 vs. 4.0% ± 2.2) were not different between the two treatment groups, and they were significantly lower than those of control (17.5% ± 15.2 and 11.4% ± 10.6, respectively).
Experiment 3
As shown in Table 3 , although the survival rates of bovine oocytes after warming were not different among control, 0 h, and 2 h of pre-incubation when the COCs were loaded on the thin plastic sticker Cryoleaf for vitrification with 15% (v/v) EG + 15% (v/v) PROH + 0.5 M sucrose, the results were different (P<0.05) between the 4 h pre-incubation (89.5% ± 7.5) and control (100.0% ± 0.0) groups. The cleavage rates were also significantly lower in the 4 h pre-incubation group (51.6% ± 5.6) when compared to the control group (79.6% ± 7.1) and the other two treatment groups (71.9% ± 2.8 and 70.1% ± 8.3), respectively. The rates of embryos developed to the 8-cell stage were not different between the 0 h and 2 h pre-incubation groups (35.7% ± 7.2 vs. 30.1% ± 5.6); however, there were significant differences (P<0.05) between these groups when compared to the 4 h pre-incubation group (15.4% ± 8.3). Furthermore, although the rates embryos developing to the blastocyst stage (7.9% ± 5.1 vs. 5.9% ± 6.2) or reaching the expanded or hatched blastocyst stage (4.1% ± 2.0 vs. 2.4% ± 1.7) were not different between the 0 h and 2 h preincubation groups, there were differences (P<0.05) between these groups when compared to the 4 h pre-incubation group (0.7% ± 1.1 and 0.0% ± 0.0). The rates of embryos developed to the 8-cell to expanded or hatched blastocyst stage in all the vitrified groups were significantly lower that those of control.
Discussion
The results of the present study demonstrate that bovine IVM oocytes can be vitrified successfully with the mixture of EG and PROH, that the survival rates are higher for oocytes vitrified without cumulus cells, and that pre-incubation before insemination is not necessary for the vitrification of oocytes.
Permeating cryoprotectants, such as glycerol, DMSO and PROH, are often used to freeze oocytes and embryos in order to prevent intracellular ice crystal formation. For a slow freezing procedure, the concentrations of cryoprotectants are limited to 1 or 1.5 M, and the toxicity of cryoprotectants is relatively low. However, for vitrification, the concentrations of cryoprotectants used are much higher and, sometimes, can be as high as 8 M [53] . Therefore, it seems more important to select c r y o p r o t ec t a n t s w i t h l o w t o x i c i t y f o r t h e vitrification procedure. Both DMSO and PROH have higher membrane permeability than glycerol [52] [53] [54] . However, it has been reported that DMSO causes spindle polymerization in oocytes with increased potential for polyploidy [35, [56] [57] [58] [59] . In addition, it has been known that the toxicity of DMSO for oocytes and embryos is related to the duration and temperature at which exposure occurs, indicating that oocytes in which are exposed to DMSO at lower temperatures have a better outcome [39, [60] [61] .
PROH is a less toxic and more permeable cryoprotectant when compared to DMSO [62] [63] . It has been reported that there is no increase in the rates of aneuploidy or abnormal karyotype in onecell rabbit embryos [64] and mature mouse or human oocytes [65, 66] when they were treated with PROH as a cryoprotectant. However, PROH is not effective for cryopreservation of mouse and human oocytes when a slow freezing procedure is u s e d b e c a u s e o f a h i g h i n c i d e n c e o f parthenogenetic activation found after freezingthawing with 1.5 M of PROH [60, 67, 68] . Nevertheless, Lim et al. [69] reported recently that PROH was the most effective, yielding greater success in embryonic development than either glycerol or DMSO in a slow freezing method combined with a rapid thawing protocol for bovine oocytes.
Another cryoprotectant, EG, has been widely used with both slow freezing and vitrification methods for cryopreservation of embryos and oocytes due to its low molecular weight, high permeation ability [70] [71] [72] [73] and low toxicity [74, 75] . However, the use of EG alone seems to require higher concentrations of the cryoprotectant (≥5.5 M) [18] . Vitrification of bovine embryos was possible using a mixture of 16.5% EG and 16.5% DMSO and using a mixture of 20% EG and 20% DMSO as cryoprotectant [16] . These results i n d i c a t e t h a t t h e c o n c e n t r a t i o n o f e a c h cryoprotectant can be reduced if a mixture of cryoprotectants is used. The results of the present study support this hypothesis. Although the mixture of 15% EG and 15% DMSO is effective to vitrify human oocytes [13, 32] and embryos [30, 31] , our result indicates that a mixture with a final concentration of 15% EG and 15% PROH is more efficient for oocyte vitrification than the mixture of 15% EG and 15% DMSO (Table 1) . To the best of our knowledge, this is the first report that bovine oocytes can be vitrified successfully with the mixture of EG and PROH.
The beneficial effects of cumulus cells on oocyte survival rates after freezing-thawing have been reported when a slow freezing method was used [39, 40, 61] . However, a recent report does not support this finding [19] . Johnson and Pickering [39] have suggested that the presence of the cumulus cells can reduce the adverse effect of DMSO on the oocytes. It has also been suggested that the presence of cumulus cells can minimize the release of cortical granules and prevent premature zona reaction for zona hardening resulting in low fertilization rates [76, 77] . The results of the present study suggest that oocyte survival rates following vitrification are not affected by the presence or absence of cumulus cells. The fertilization rate also was not affected by the presence or absence of cumulus cells, indicating that there was no premature zona reaction for zona hardening occurred when the oocytes were vitrified without cumulus cells. In fact, the rates of embryos developed to the 8-cell stage in cumulus cell free group were significantly higher than that in cumulus cells intact group (Table 2) . It has been mentioned that the oocytes partially denuded from cumulus cells before vitrification may be beneficial to subsequent fertilization and embryonic development [16] . However, there is no obvious explanation for this observation. It should be noted that the oocytes were easier to handle for vitrification using a Cryotop when the oocytes were denuded completely from their cumulus cells.
We have found that a maximum of 10-15 denuded oocytes can be loaded onto a Cryotop for vitrification, with an even smaller number if COCs are vitrified. Dinnyes et al. [78] reported that a large number of bovine oocytes can be vitrified if a metal surface is used, while Matsumoto et al. [79] reported that a larger quantity of bovine oocytes can be vitrified effectively using a nylon mesh than if an electronic microscope grid was used. In the present study, the thin plastic sticker allowed the loading of 30-50 COCs on the surface for vitrification. The results of the present study indicate that a large number of bovine oocytes with cumulus cells can be successfully vitrified using the thin plastic sticker with promising survival and cleavage rates reported here (Table 3 ). This suggests that the thin plastic sticker may be preferable for vitrification of a large number of oocytes.
It has been reported in murine [42] and bovine [43] oocytes that the abnormal appearance of the spindle following the slow freezing and rapid thawing returned to be normal after a period of incubation. It has been reported that, in the context of slow freezing, a pre-incubation of 2 h was required for the oocytes before insemination to im prove the fertilizability and embryonic development of the freezing-thawed oocytes [41, 44, 45] . However, recently Saunders and Parks [80] found that even after 3 h of pre-incubation a normal spindle structure was not observed in bovine oocytes treated with slow freezing and rapid thawing. Results of the present study suggest that pre-incubation of the oocytes before insemination is not necessary for vitrified oocytes (Table 3) . It is not clear why the rates of cleavage and embryonic development were lower when the oocytes were pre-incubated for 4 h compared to 0 and 2 h of preincubation. It is possible that a longer preincubation may lead to the release of cortical granules inducing zona-hardening. However, this would need to be further verified.
There are several advantages in using the bovine model to study the humans. They are similar in many ways including endocrine pathways, paracrine and autocrine pathways; reproductive cycling; the size of ovaries and oocytes; embryonic genome activation; the development of one preovulatory follicle during each cycle; and interaction with culture medium [18, 81] . It is well known that bovine oocytes are more sensitive to the effects of chilling than other species' oocytes including the humans, because the cytoplasm of bovine oocytes contain many lipids [18] . Here we want to emphasize that our system for bovine oocytes of in vitro maturation (IVM) and in vitro culture (IVC) is different with other laboratories. We aspirate all visible follicles from bovine ovaries including the dominant follicle. The collected all COCs are subjected to IVM with serum-free IVM-medium [47] . Therefore, it is difficult to compare the final blastocyst formation rates based on initial number of COCs collected between laboratories. If based on the number of oocytes cleaved, the blastocyst formation rate routinely reaches to 40-50% in this IVM and IVC systems. In addition, it has been found that total cell numbers and ratio of inner cell mass (ICM)/trophectoderm (TE) in blastocysts were not different between control and treatments (data not shown). Based on the results of bovine oocyte vitrification, we have adapted this method of vitrification to human oocytes derived from in vitro maturation. Although the results for fertilization and embryonic development of human oocytes after vitrification were not available for the present, a 100% survival rate was observed for both immature and mature human oocytes following vitrification with a mixture of 15% EG and 15% PROH using a Cryotop (Data not shown). This further confirms that a high survival rate can be achieved from vitrified human oocytes using Cryotop [13] , indicating that vitrification may be an efficient method for cryopreservation of human oocytes.
I n c o n c l u s i o n , o o c y t e s c a n b e v i t r i f i e d successfully with a mixture of cryoprotectants, EG + PROH. Better survival rates can be obtained when oocytes without cumulus cells are vitrified with a Cryotop. Pre-incubation of the oocytes before insemination is not necessary for vitrified oocytes. This vitrification method may be efficiently used for a program of human oocyte cryopreservation.
